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809
Videodensitometric analysis of digital subtraction coro-
nary arteriography, a new approach for calculating con-
trast disappearance half-life (Tl/2), was assessed in de-
termining regional myocardial blood flowquantitatively.
Forty-one patients with coronary artery disease and 12
with angiographically normal coronary arteries under-
went digital subtraction coronary arteriography by man-
ual injection of contrast medium into the left main coro-
nary artery. The Tl/2 was calculated from a time-density
curve generated in the four sectors of the myocardium
perfused by the left anterior descending coronary artery.
The mean Tl/2 value of the four sectors correlated in-
versely with the great cardiac vein flow measured by the
thermodilution method (r = - 0.89), and appeared to
be a reliable index of myocardial blood flow. The relation
of mean Tl/2 with percent stenosis of the left anterior
descending coronary artery was curvilinear (r = 0.88)
There is increasing evidence suggesting that visual esti-
mation of coronary anteriographic abnormalities is often
inaccurate (I) and is not always a reliable method of de-
termining the hemodynamic consequences of the narrowing
(2). The demonstration of regional ischemia by an exercise
stress test or radionuclide scintigraphy is. therefore , often
required in assessing the functional significance of coronary
stenosi s and in determining candidates for coronary artery
bypass grafting or percutaneous transluminal coronary an-
gioplasty.
Several angiographic approaches have been proposed to
assess coronary blood flow by injecting contrast medium
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and an abnormally high T1I2 occurred in patients with
coronary stenosis greater than 75%. In patients with
comparable stenosis of the left anterior descending ar-
tery, the apical Tl/2 was significantly increased in those
with impaired apical wall motion, while it was signifi-
cantly decreased in those with coronary collateral ves-
sels.
These findings suggest that regional myocardial blood
flow begins to decrease in vessels with greater than 75%
stenosis, and that myocardial contraction and collateral
flow are additional factors that modify regional myo-
cardial blood flow. Thus, the contrast disappearance
half-life (Tl/2) derived by computerized washout anal-
ysis of digital subtraction coronary arteriograms proved
useful as an index for quantitative evaluation of regional
myocardial blood flow.
(J Am Coll Cardiol /986;8:809-/6)
into the aortic root or coronary artery. Rutishauser et al. (3)
and Smith et al. (4) calculated absolute coronary blood flow
by densitometric ally determining mean transit time of the
contrast medium through the arterial segment of interest.
These determinations , however, require that the analyzed
region of the coronary artery be the nonbranching, proximal
segment that is perpendicular to the X-ray beam and they
also necessitate a precise measurement of arterial diameter.
Using computer processing , Foerster et al. (5) performed
densitometric analysis of a known amount of injected con-
trast medium as it traver sed a selected coronary artery re-
gion , and Vogel et al. (6) used regional myocardial contrast
appearance time to assess coronary blood flow. Both tech-
niques utilized relative changes after reactive hyperemia
induced by the contrast medium and thus assessed coronary
flow reserve rather than the actual baseline flow of the ste-
nosed vessel. These techniques of repeated injection of con-
trast medium require that the rate , volume and timing of
injection, as well as the catheter position, be kept constant
during the procedure.
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Alternatively, coronary blood flow has been determined
by analysis of a contrast appearance-disappearance curve
using various contrast agents. In clinical studies, Cannon
et al. (7,8) and Holman et al. (9) indicated that the disap-
pearance rate of xenon-133 is proportional to regional myo-
cardial blood flow and emphasized the clinical significance
of the method in assessing the severity of coronary artery
disease. Contrast two-dimensional echocardiography, re-
cently introduced as an additional technique, has demon-
strated that the contrast disappearance half-life (TI/2) may
be a useful index in determining regional myocardial blood
flow (10, II). These studies suggest that analysis of a con-
trast disappearance curve may provide a valuable index for
evaluating myocardial blood flow, although the absolute
value cannot be obtained.
Recent advances in computer technology have allowed
development of digital subtraction angiography, which en-
ables visualization of arteries and the left side of the heart
with digital enhancement by intravenous injection of con-
trast medium (12-15), and have made possible the quan-
titative analysis of angiographic images without difficulty
(16-18). These advances have enabled us to develop a new
approach for calculating contrast disappearance half-life
(TII2) during routine coronary arteriography. The purpose
of this investigation was to test whether TI/2 could be useful
in the clinical assessment of regional myocardial blood flow.
Methods
Study patients. The study group consisted of 53 patients
who underwent digital subtraction coronary arteriography.
Forty-one of the 53 patients (37 men and 4 women) ranging
in age from 38 to 66 years (mean 52) had left anterior
descending coronary artery disease. Of these, 25 patients
Figure 1. Digital subtraction images of coronary artery (left),
myocardial (center) and coronary vein (right) phases. Sodium
meglumine diatrizoate (Renografin-76) (2 to 3 ml) was manually
injected into the left main coronary artery and digital subtraction
images were serially obtained at 30 frames/second.
had old transmural anterior myocardial infarction, and 16
had a history of angina pectoris with no evidence of previous
infarction. The remaining patients with a chest pain syn-
drome were found to have angiographically normal coronary
arteries and served as a control group of six men and six
women ranging in age from 30 to 60 years (mean 50).
Written informed consent was obtained from all study pa-
tients.
Digital subtraction coronary arteriography. Coronary
arteriography was performed using either the Sones or the
Judkins method in the right anterior oblique projection. So-
dium meglumine diatrizoate (Renografin-76), 2 to 3 rnl, was
manually injected into the left main coronary artery. A single
plane digital subtraction coronary arteriogram was started
at least three cardiac cycles before the injection of contrast
medium and was recorded for 20 seconds using a Toshiba
Digiformer X. X-ray exposure conditions were kept con-
stant at 160 mA, approximately 76 kV and 10 ms pulse
width/frame. Subsequent digital processing was performed
with a super pulse mode at 30 frames/so During the imaging,
patients were required to hold their breath at moderate in-
spiration. Examples of serial digital subtraction images of
arterial, myocardial and venous phases are presented in Fig-
ure I. A small amount of contrast medium provides a high
contrast radiographic image.
Image processing. Image analysis was performed with
an image-processing computer (Toshiba GMS-55A) that has
a 256 K 12-bit image memory and a 256 K 4-bit graphic
memory. A 30 megabyte disk was used for data storage;
448 frames of digital subtraction images over 14.8 seconds
were digitized continuously into 64 x 64 eight bit (256
gray scales) pixel matrixes using an imaging-processing
computer. An epicardial outline of the left ventricle was
drawn by an observer using a computer-aided outlining tech-
nique and the myocardial region of interest was automati-
cally subdivided into eight 45° sectors, each emanating from
the center of gravity of the diastolic left ventricular silhouette
(Fig. 2). A sectorial time-density curve was then constructed
in the four sectors of the myocardium perfused by the left
anterior descending coronary artery. In the ascending slope
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of the time-density curve, contrast appearance time (T peak)
was measured from the initial contrast appearance to peak
density. The descending slope of the time-density curve was
fitted to a monoexponential function with a standard least-
squares method. Contrast disappearance half-life (Ti/2) was
calculated according to the formula: Ti/2 = In 2/k, where
In = natural logarithm and k = exponential disappearance
rate. Whenever the curve exhibited two components during
its disappearance phase, Ti/2 was calculated for the initial
fast portion of the curve.
The mean Ti/2 value was obtained by averaging the
measurements in these four sectors and it was defined as
normal when it was within ± 2 SD of the mean value of
the control subjects.
Reproducibility of T1I2 measurements. Reproducibil-
ity of the method was studied by performing digital sub-
traction coronary arteriography twice under essentially sim-
ilar conditions in 10 patients. The resultant coefficient of
correlation was 0.91 for the two measurements of T I12 (SEE
0.69 second).
Measurements of percent coronary stenosis and great
cardiac vein blood flow. Conventional selective coronary
arteriography was performed in multiple projections by either
the Sones or the Judkins technique. Coronary artery di-
ameter was measured with calipers at the site of maximal
obstruction and at the proximal and distal portions of the
obstruction. Then, percent luminal narrowing was calcu-
lated as:
Percent luminal narrow ing (%)
(
Obstructed vessel diameter )
= I - x 100.
(Proximal vessel diameter + Distal vessel diameter)/2
In I I patients, great cardiac vein blood flow was mea-
sured by the continuous thermodilution method (/9) simul-
taneously with digital subtraction coronary arteriography.
Patients having documented myocardial infarction were ex-
cluded from this portion of the investigation. The coronary
sinus catheter position was initially assessed by manual in-
jection of contrast medium and verified by repeated f1uo-
roscopy. Patients in whom coronary sinus catheter position
changed during the study were excluded. A solution of 5%
dextrose in water at room temperature was injected by in-
fusion pump at a constant rate of 36 mllmin for 30 seconds
and the mean blood flow in the great cardiac vein was
thereby determined.
Evaluation of left ventricular regional wall motion.
Left ventriculography was performed in the right anterior
oblique projection for all patients with coronary artery dis-
ease. Regional wall motion was evaluated subjectively by
three independent, experienced observers. The left ventricle
was divided into five segments (20). Hypokinesia was de-
fined as reduced systolic wall motion, akinesia as no systolic
wall motion and dyskinesia as paradoxic systolic expansion.
An aneurysm was defined as a discrete, circumscribed di-
lation of the left ventricle with dyskinesia.
Statistical analysis. Values are presented as mean ±
SD. Comparison of the group means was performed with a
Student's t test for unpaired data. Differences were consid-
ered to be statistically significant if probability (p) was less
than 0.05. A linear or nonlinear regression analysis was
used to assess a relation between contrast disappearance
half-life (TII2) and great cardiac vein flow or percent ste-
nosis of the left anterior descending coronary artery.
Results
Sectorial T1I2 in the control subjects and patients with
coronary artery disease. Table I compares the control
disappearance half-life (Ti/2) values of the control subjects,
who have normal coronary arteries, with those of the patients
with left anterior descending coronary artery disease. In the
control subjects, Ti/2 was 7.0 ± 0.9 seconds in sector I
(anterobasal), 5.5 ± 1.1 seconds in sector 2 (anterolateral),
5.5 ± 1.2 seconds in sector 3 (anterolateral) and 5.3 ±
0.5 seconds in sector 4 (apical). The mean TiI2 value in
the control subjects was 5.8 ± 0.7 seconds and the normal
Figure 2. Computerized time-density analysis
of digital subtraction coronary arteriograms. After
a computer-aided epicardial outlining and au-
tomaticsubdivisioninto eight sectors, a sectorial
time-density curve was constructed in four sec-
tors of the myocardium perfused by the left an-
terior descending coronary artery (sectors I to
4). In the ascending slope of the time-density
curve, contrast appearance time (Tpeak) was
measured from the initial contrastappearance to
peak density. The descending slope of the time-
density curve was fitted to a monoexponential
function with a standard least-squares method
and the contrast disappearance half-life (Tl/2)
was calculated.
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Table 1. Sectorial Contrast Disappearan ce Half-Life (TII2) in the Control Subjects and Patient s
With Coronary Artery Disease
TI /2 (seconds)
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7. 8 ::t 1.6 5.8 ::t 1.0 5. 1 ::t 0 .9 4 .7 ::t 1.0
8.5 ::t 1 .4~ 7.4 :t 1.9t 7.0 ::t 1.6 ' 7.4 :t 1 .4~
9.6 ::t 1. 6~ 8.4 :t 1.5 ~ 7.8 ± 1.3~ 8. 1 ± 1.6~
10.7 ::t 3.8' 8. 1 :!: 2.7' 8.3 :!: 2.4t 8.8 :!: 1.7t
Control subjects
(n = 12)
Patients with LAD stenosis
(n = 41 )
,.;50% (n = 10)
5 1 to 75% (n = 12)
76 to 90% (n = II )
91 to 100% (n = 8)
Sector I
(anterobasal)
7.0 ::t 0 .9
Sector 2
(anterolateral)
5.5 ::t 1.1
Sector 3
(anterolateral)
5.5 ::t 1.2
Sector 4
(apical)
5.3 ::t 0.5
*p < 0.02; t p < 0 .0 1; ~p < 0.005 compared with control subjects. Values are expre ssed as mean ::t SO.
LAD = left anter ior descending coronary artery.
range was assumed to be 4.4 to 7. 2 seconds. In patient s
with left anterior descending coronary artery disease, T 1/2
in the respective sectors gradually increased as the degree
of coronary stenosis increased and was significantly longer
in patients with greater than 50% coronary stenosis than in
control subjects. However , in patients with 50% stenosis or
less, the respective TI /2 values did not differ from those of
the control subjects.
Relation between mean TI/2 and great cardiac vein
flow or coronary artery stenosis. The mean contrast dis-
appearance half-life (TI/2) exhibited an excellent inverse
correlation with great cardiac vein blood flow (r = -0.89)
(Fig. 3). When patients with coronary collateral vessels were
excluded, mean TI/2 showed a significant curvilinear re-
lation with percent stenosis of the left anterior descend ing
coronary artery (r = 0.88) (Fig . 4). Furthermore, mean
TII 2 was abnormally increased, exceeding the normal range,
in patients with greater than 75% stenosis of this artery .
The mean contrast appearance time (T peak) did not cor-
relate significantly with great cardiac vein flow (r = 0.48 ,
Figure 3. Relation between the mean contrast disappearance half-
life (T I /2) and great cardiac vein flow. The mean TI /2 exhibited
a high correlation with great cardiac vein flow of r = - 0 .89.
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p = NS) or with percent stenosis of the left anterior de-
scending coronary artery (r = - 0 .17 , NS).
Correlation of regional wall motion or coronary col-
lateral vessels with apical TI /2. The correlation of regional
wall motion with contrast disappearance half-life (T I/2) was
analyzed in the apical region in 16 patients with left anterior
descending coronary stenosis of 59 to 84% (Fig. 5, left).
Eight patients who had apical hypokinesia , akinesia or dys-
kinesia presented a significantly longer apical TI /2 than that
of the remaining eight patients with normal wall motion
(8.8 ± 1.4 versus 6.7 ± 0 .8 seconds , p < 0.005), although
the degree of the coronary stenosis did not differ signifi-
cantly between the two groups (76 ± II versus 74 ± 3%,
p = NS). Collateral vessels to the left anterior descendin g
coronary artery were observed in 6 of the 13 patients with
Figure 4. Relation between the mean contrast disappearance half-
life (TII2) and percent stenosis of the left anterior descending
coronary artery, when patient s with coronary collateral vessels
were excluded. A normal range of mean T 1/2 (shaded area) was
defined as that inside the ± 2 SD band around the mean from the
control subjects . A significant curvilinear relation was observed
between these variables as: Y = 5.8 - 4 .0(l O- 2)X + 9.0(lO - 4)X2
(r = 0.88). An abnormally high Tl /2 occurs when stenosis of the
left anterior descending coronary artery is 75% or greater.
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Figure 5. Relationship between apical wall motion (asynergy)
(left) or coronary collateral flow (right) and the apical contrast
disappearance half-life (Tl/2). The shaded area represents a nor-
mal range of T1/2. The apical T1/2 was significantly longer in
those patients with abnormal wall motion at the apex (+) and
shorter in those with coronary collateral vessels ( -), despite the
comparable degree of stenosis of the left anterior descending coro-
nary artery .
high-grade native coronary artery stenosis of 85% or greater
(Fig. 5, right). These patients with coronary collateral ves-
sels had comparable degrees of stenosis (96 ± 6 versus 90
± 5%, P = NS) but manifested significantly shorter apical
TlI2 values than did patients without coronary collateral
vessels (7.5 ± 1.2 versus 9.4 ± 1.3 seconds, p < 0.02) .
Discussion
Advantages of present technique. In the present study,
we developed a new approach with the aid of computer
processing in digital subtraction angiography to calculate
contrast disappearance half-life (Tl/2), which has been pre-
viously reported to provide a valuable index of myocardial
blood flow using other imaging modalities and indicators
(7-11) . The mean contrast disappearance half-life in the
myocardial sector perfused by the left anterior descending
coronary artery correlated closely with great cardiac vein
flow determined by thermodilution (r = - 0 .89). Similarly ,
a good curvilinear relation was observed between mean
T 1/2 and percent stenosis of the left anterior descending
coronary artery (r = 0.88). These observations indicate that
T I/2 obtained from digital subtraction images is an accurate
index of regional myocardial blood flow. It is an index of
relative flow rate and thus does not present absolute flow
volume . Hence, changes in myocardial flow volume in the
pathologic conditions such as ventricular hypertrophy and
myocardial infarction cannot be quantitated with Tl/2 .
Our method offers several advantages over previously
described techniques. Although the procedure requires the
digital subtraction processing unit, it is much less expensive
than radioisotopic washout analysis, because TI/2 can easily
be obtained during routine coronary arteriography. Analysis
of contrast disappearance rate by two-dimensional echo-
cardiography is also easily performed, but it has not yet
been applied to human subjects and it may not always obtain
reliable images suitable for analysis because of inherent
technical limitations of the method .
Our procedure does not require precise determination of
coronary artery diameter from vessel segments that must be
perpendicular to the X-ray beam , as do the methods of
Rutishauser et 'II. (3) and Smith et 'II. (4). Although we
used standard manual injection, avoiding contrast admin-
istration that was too slow or too fast, the procedure does
not require maintenance of constant force, speed and timing
of the injection for repeated measurements, as do previous
methods (5,6). In fact, reproducibility of estimation of
T I/2 by the present technique was excellent with a corre-
lation coefficient of 0.91 in the repeated injections. The
present procedure, therefore, employs techniques that can
be reliably and reproducibly applied in clinical practice.
On the other hand , contrast appearance time (T peak)
failed to show a significant correlation with great cardiac
vein flow or with percent stenosis of the left anterior de-
scending coronary artery. Variability in the injection pro-
cedure may have reduced the usefulness ofT peak, because ,
as mentioned previously, COilstant force, speed and timing
of the contrast injection were not maintained.
Potential limitations of the present technique. Several
methodologic iss~es must be considered in assessing the
present T I/2 as an index of myocardial blood flow. As with
other digital subtraction studies, patients must remain mo-
tionless, holding their breath during imaging. Although this
temporal requirement is longer in the present method than
in that proposed by Vogel et al. (6), the majority of patients
successfully completed the procedure without difficulty. Next,
we must consider the effect of the contrast medium, which
has been shown initially to reduce and thento increase
coronary blood flow (reactive hyperemia) (21). We deter-
mined T lI2 in the descending slope of the time-density curve
approximately 3 to 10 seconds after injecting 2 to 3 ml.of
sodium meglumine diatrizoate, at which time the great car-
diac vein flow measured by the thermodilution method si-
multaneously increased by 45 ,± 39%. TII2 therefore may
have been affected by contrast-induced reactive hyperemia.
Other factors that may have affected hyperemic response,
and thus TI /2, include coronary stenosis (22,23), collateral
vessels (24), aortic pressure (25) and arterial POz (26). Among
these factors, Gould et al. (22,2~) noted that coronary ste-
nosis is an important determinant of hyperemic response
induced by the contrast medium. The reduced hyperemic
response in the regions perfused by the stenosed vessel
therefore probably enlarged the difference in TII2 values
between our control subjects and our patients with coronary
artery disease. Although further studies on the effects of
these confounding factors on hyperemic response and on
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TI/2 are required , the high correlations in the present study
between mean TI/2 and great cardiac vein flow and percent
coronary stenosis indicate that densitometric analysis of the
washout curve is a feasible and practical method of assessing
regional myocardial blood flow.
A possible source of error involves superimposed peri-
odicity in X-ray absorption during the cardiac cycle on the
washout curve. because we were unable to use the imaging
technique gated to the electrocardiogram. Periodicity is present
before injection of contrast medium (27) and some alteration
occurs after injection (Fig. 2). Hence, the periodicity could
have arisen from a change in both the cardiac volume and
the amount of contrast medium in the myocardium during
the cardiac cycle. Superimposition of this periodicity on the
washout curve of contrast medium may hamper accurate
estimation of TI/2. To minimize this potential source of
error, we used an automatic semilogarithmic fitting on the
basis of the similarity of the washout curve of the contrast
medium to that of the classic indicator-dilution technique
used for determining blood flow. We also excluded patients
with extreme bradycardia because of the difficulty of fitting.
However, whether the indicator-dilution theory is appro-
priate for the present technique may require further inves-
tigation .
Finally. we must consider influx ofcontrast medium into
the coronary sinus. right ventricle and pulmonary artery as
a possible source of distortion to the regional myocardial
time-density curve. Accordingly, in our study we excluded
the region near the coronary sinus and performed the anal-
ysis before the appearance of contrast medium in the right
ventricle and pulmonary artery . Nevertheless, the longer
T I12 in the anterobasal region (sector I) than in other regions
should be considered to include some effect of contrast
medium entering into the right ventricle and pulmonary
artery .
Relation of T 1/2 to visual estimation of coronary ste-
nosis. The relation between contrast disappearance half-
life (TI/2) and percent stenosis of the left anterior descend-
ing coronary artery was curvilinear and TI/2 was abnormally
increased and exceeded the normal range when the stenosis
was 75% or greater. Thus, our observations were consistent
with previous experimental observations (22,23) that a re-
lation between the degree of coronary stenosis and blood
flow is curvilinear and a significant reduction of coronary
blood flow develops when the stenosis exceeds 80 to 90%.
This implies that TI /2 may represent a valuable index for
the clinical assessment of regional myocardial blood flow.
There are difficulties in angiographic assessment of the func-
tional significance of a coronary lesion when there is 50 to
75% stenosis. In the present study, 12 patients had left
anterior descending coronary stenosis in this range and 7
had an abnormal mean TI /2 of more than 7.2 seconds.
However, the angiographic assessment of percent stenosis
did not differ between those with normal and abnormal
TI/2 values . Although further studies are caIled for , these
observations imply the possibility that TI/2 can differentiate
patients with functionally significant stenosis in the group
with a coronary stenosis of 50 to 75%. Our current study
comparing T 1/2 with exercise electrocardiography and ex-
ercise thallium myocardial scintigraphy is yielding encour-
aging results which support the use of the TI /2 value for
this purpose (28).
Effect of myocardial contraction on TI/2. Myocardial
contraction has been shown to modify myocardial blood
flow in experimental studies, throttling coronary inflow as
a result of high intramyocardial pressure and at the same
time squeezing out intramyocardial blood into the coronary
vein in systole (29,30). It is weIl known that a coronary
vessel that is totally occluded at the onset of acute myo-
cardial infarction may subsequently recanalize and that pa-
tients with old infarction may not differ in severity of coro-
nary stenosis from patients with angina pectoris and no
previous infarction . This provides a clinical model for de-
termining the effect of myocardial contraction on blood
flow. In the present study , we observed significantly longer
contrast disappearance half-life (TI /2) in patients with ab-
normal wall motion at the apex compared with those with
normal wall motion, despite a comparable degree of left
anterior descending coronary stenosis. Decreased coronary
bed in the infarcted myocardium could be one factor af-
fecting regional myocardial flow. However, this is unlikely
to alter regional TI /2, which is an index of relative flow
rate and is independent of absolute flow volume. We, there-
fore, suggest that impaired wall motion reduced myocardial
flow rate and prolonged TI/2 in patients with myocardial
infarction. This observation suggests that, among the effects
of myocardial contraction on blood flow, the squeezing out
effect is greater than the throttling effect on inflow.
Effect of coronary collateral vessels on TII2. Although
the functional role of coronary collateral vessels has been
a subject of intense interest, considerable controversy re-
mains as to whether collateral flow protects the myocardium
from exercise-induced ischemia. Thallium myocardial im-
aging studies have yielded conflicting results (31-36), which
may be due to technical limitations of the method. On the
other hand, significant flow through coronary collateral ves-
sels can increase the washout rate of contrast medium from
the myocardium. The contrast disappearance half-life
(TI /2), accordingly, may provide alternative possibilities
for assessing the functional significance of collateral vessels.
In the present study, T 1/2 values were shorter in patients
with coIlateral vessels than in those without collateral ves-
sels, but were still abnormally increased. These findings
suggest that coronary collateral vessels might contribute to
regional myocardial blood flow but be insufficient to prevent
exercise-induced ischemia. This ability to assess the sig-
nificance of collateral flow would be an additional advantage
of the present technique.
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Conclusion. The present study indicates that myocardial
contrast disappearance half-life (Tl/2) is a useful index for
quantitative evaluation of regional myocardial blood flow.
Because the method is performed without difficulty during
routine coronary arteriography, it may be widely applicable
in clinical practice for assessing the functional significance
of coronary stenosis and for determining candidates for coro-
nary artery bypass grafting and coronary angioplasty.
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